To measure the impact of JHU-083, a novel prodrug of the glutamine antagonist 6-diazo-5-oxo-L-norleucine, on immune cell proliferation and activation, along with physical and cognitive impairments associated with the experimental autoimmune encephalomyelitis (EAE) mouse model of MS.
MS is an immune-mediated disease that causes CNS damage in the form of demyelination and neurodegeneration. In addition to physical disability, learning and memory impairments occur in approximately half of all patients with MS. 1, 2 The exact cause of MS is unknown, but dysregulated glutamate signaling and aberrant T-cell activation are consistently implicated as contributors to both physical and cognitive disease pathogenesis. [3] [4] [5] [6] A number of trials have been conducted to identify either a disease-modifying therapy or a novel pharmacotherapy to treat MS-related cognitive impairment. To date, however, there are no approved treatments specifically targeting cognitive impairment in MS, as larger clinical trials often fail to replicate the initially reported positive findings, 7, 8 adverse effects are reported, 9 and positive findings are either nonexistent 10, 11 or moderate at best. 12, 13 The enzyme glutaminase (GLS) is located throughout the body, including in neurons and glia in the CNS, and deamidates glutamine into glutamate. The glutamine analog 6-diazo-5-oxo-L-norleucine (DON) blocks glutamine-using reactions, including GLS, thereby inhibiting the formation of glutamate. Because rapidly proliferating cells require glutamine as a fuel source and excess glutamate can cause excitotoxic damage in the CNS, DON has dual therapeutic potential for treating diseases where excess cell proliferation and glutamate are pathogenic, such as MS. To our knowledge, only 1 study has examined the effects of DON in MS using a mouse model of the disease. 14 The authors found that DON halted microglial activation and glutamate production, in turn conferring neuronal protection. The effects of DON on immune function, however, were not measured.
Although promising, DON is not clinically translatable. Its development for the treatment of cancer based on numerous positive preclinical and clinical studies [15] [16] [17] [18] [19] [20] [21] was halted because of gastrointestinal (GI) toxicities, as the GI system is highly glutamine using. With regard to MS and other diseases of the CNS, DON is also not suitable for clinical translation because of its limited brain penetration. To overcome DON's peripheral toxicities and to enhance its delivery to the CNS, our laboratory created a series of lipophilic DON prodrugs. Prodrugs were designed to circulate intact as inert in plasma, but permeate and be cleaved to release DON once inside the brain. In numerous species, including swine and primates, prodrugs improved DON exposure in the CNS vs plasma (area under the curve [AUC] brain /AUC plasma ) by 8-to 10-fold. 22, 23 In this report, we characterize the antiproliferative effects of the DON prodrug JHU-083 (ethyl 2-(2-amino-4methylpentanamido)-DON) in vitro and evaluate chronic JHU-083 treatment in the experimental autoimmune encephalomyelitis (EAE) mouse model of MS using both physical and cognitive outcomes.
Methods

Animals
Male and female 7-week-old C57BL/6J mice (Jackson Laboratory) were housed in the Miller Research Building Johns Hopkins animal facility. All protocols were approved by the Johns Hopkins Institutional Animal Care and Use Committee.
T-cell isolation and proliferation
Spleens were removed from 3 naive mice, and single-cell suspensions were generated by passing cells through a 70-μM cell strainer (BD Biosciences). T cells were isolated from splenocytes using a CD4 + T-Cell Isolation Kit (Miltenyi Biotec) following the manufacturer's protocol and cultured in Roswell Park Memorial Institute media (RPMI) 1640 (Invitrogen) supplemented with 10% vol/vol fetal bovine serum (Invitrogen), 100 μg/mL penicillin and streptomycin (Quality Biological), 0.5 μm 2-mercaptoethanol (Invitrogen), 10 mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer (Quality Biological), 1 mm sodium pyruvate (Sigma-Aldrich), minimal essential medium non-essential amino acid solution (Sigma-Aldrich), and glutamax (Thermo Fisher).
To measure proliferation via flow cytometry, 96-well flat-bottom plates were coated with 200 μL 1μg/mL α-CD3 (BD Biosciences) in phosphate buffered saline and incubated at 4°C overnight. The following day, plates were washed 3×, and 150,000 CD4 + T cells were plated with 20 μM eFlur450 cell proliferation dye (Thermo Fisher), 2 μg/mL α-CD28 (BD Biosciences), and ±JHU-083 (1 μm, 3 μM, 10 μM, 30 μM, or 100 μM, in triplicate) in 100 μM complete RPMI (cRPMI). Every 24 hours, cells were treated with 20 μM media ± JHU-083. After 72 hours in culture, cells were stained with fluorochromeconjugated antibodies for CD69, CD25, CD62L, CD44 (Biolegend), and live/dead (L/D) aqua (Thermo Fisher) and quantified (MACSQuant Analyzer X, Miltenyi Biotec).
To measure proliferation and viability, splenic-derived CD4 + T cells were seeded, activated, and stained with IncuCyte Cytotox Green Reagent or NucLight Rapid Red Reagent (Sartorius, Essen BioScience). Cells were treated with vehicle or JHU-083 (1 μm, 10 μM, or 100 μM), media was changed every 24 hours, and cells were imaged by the Incucyte Live Cell Analysis System (Sartorius, Essen BioScience) every 2 hours. Negative control vehicle wells were included, in addition to separate 10% dimethyl sulfoxide Glossary ANOVA = analysis of variance; cRPMI = complete RPMI; DC = dendritic cell; DON = 6-diazo-5-oxo-L-norleucine; EAE = experimental autoimmune encephalomyelitis; GI = gastrointestinal; GLS = glutaminase; GM-CSF = granulocyte-macrophage colony-stimulating factor; NAA = N-acetylaspartate.
(DMSO) wells to stimulate cell death. Five representative images were captured per well per hour. Data are reported as red object count to reflect the number of cells, green object count to reflect the number of dead cells, and red object count/green object count (red/green) to reflect cell number/dead and control for variability in the number of plated cells.
Dendritic cell isolation and activation
Bone marrow-derived dendritic cells (DCs) were generated as previously described 24 with minor modifications. Briefly, femurs were removed from C57BL/6J mice, cut, and marrow flushed through the shaft with phosphate buffered saline. Cells were centrifuged, counted, and 2 million cells were plated in 10 mL plates in complete RPMI (cRPMI) media consisting of RPMI-1640 with GlutaMAX (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum, penicillin-streptomycin (Gibco), 50 μM 2-mercaptoethanol (Sigma-Aldrich), and 20 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF). Following 14 days in culture, 5 × 10 5 cells were seeded in a 24well flat-bottom plate containing 1 mL cRPMI, 100 ng/mL lipopolysaccharide (LPS), and 100 ug/mL GM-CSF (Peprotech). DCs were treated with vehicle or JHU-083. Media were changed every 24 hours. Following 72 hours in culture, cells were stained with fluorochrome-conjugated antibodies against CD11c, CD86, and CD40 (BioLegend), and flow cytometry was conducted (MACSQuant Analyzer X, Miltenyi Biotec).
EAE immunizations and scoring
Female mice were immunized for EAE as previously described 25 with minor modifications. Briefly, mice were administered murine myelin oligodendrocyte glycoprotein 35-55 (Johns Hopkins Peptide Synthesis Core Facility, Baltimore) in incomplete Freund adjuvant (Sigma-Aldrich) supplemented with heat-killed Mycobacterium tuberculosis (Sigma-Aldrich) via 2 subcutaneous flank injections. On days 0 and 2, mice received an intraperitoneal injection of 250 ng pertussis toxin (List Biological Laboratories). EAE disease scores were blindly assigned as previously described 26 based on the following scale with 0.5 increments for intermediate scores: 0 = normal, 1 = limp tail, 2 = wobbly gait, 3 = dragging hind flank, 4 = hind limb paralysis, and 5 = quadriplegia. Experiments were conducted in duplicate.
JHU-083 treatment administration
Mice were administered vehicle or JHU-083 (1.83 mg/kg, corresponding to 1 mg/kg equivalent DON) via oral gavage every other day from the time of immunization (prevention paradigm) or from the time of EAE disease score ≥1 (treatment paradigm). Vehicle was made up of 5% ethanol/95% 50 mM HEPES buffer. Each week, fresh JHU-083 stock solutions were made by dissolving JHU-083 in 100% ethanol and stored at −20. On dosing days, stock solution was added to 50 mM HEPES buffer, and mice were immediately dosed.
Cognition studies
The Barnes maze cognitive test was administered to EAE mice from the treatment paradigm cohort as previously described. 25 Vehicle or JHU-083 administration continued in the treatment cohort mice until disease scores normalized (p > 0.9), and the Barnes maze was conducted at 75-78 days postimmunization. Mice were trained to find the target platform for 2 trials per day over 3 consecutive days, and then, memory was tested on the fourth day. The researcher conducting cognition studies was blinded to the treatment groups.
Statistical analyses
Statistical analyses were completed using GraphPad Prism 6.0. Comparisons between groups for the in vitro T-cell proliferation and activation flow cytometry studies and DC activation studies were made with ordinary 1-way analysis of variance (ANOVA) with Sidak multiple comparison test. Repeated-measures 2-way ANOVA with Sidak multiple comparison post hoc test measured JHU-083 treatment effects in the in vitro T-cell proliferation Incucyte studies and body weight in the in vivo JHU-083 EAE prevention and treatment studies. Mann-Whitney t tests of rank-summed EAE scores were used to detect significance over time in EAE disease scores in the in vivo JHU-083 EAE prevention and treatment studies. Repeated-measures 2-way ANOVA with Sidak multiple comparison post hoc test were used to detect significance in EAE disease scores on individual days. Cognition studies were analyzed using an unpaired 2-tailed t test. p values <0.05 were considered statistically significant. Sample size was determined by power analyses with at least 80% power at the 0.05 level. Statistical analyses assistance and consultation were provided by the Johns Hopkins Institute for Clinical and Translational Research Biostatistics Program.
Data availability
Data sets generated in the present study are available from the corresponding authors on reasonable request.
Results
JHU-083 inhibits T-cell proliferation and activation, with no effect on DCs
In vitro studies were designed to evaluate whether JHU-083 had an effect on T-cell activation. Flow cytometry analyses revealed that JHU-083 significantly inhibited T-cell proliferation at the lowest tested concentration (1 μM) JHU-083 (p < 0.001, figure  1, A and B) . A dose response effect was observed, with higher doses (10-100 μM) almost completely preventing cell proliferation as indicated by >96% of cells remaining undivided after 72 hours (p < 0.001). Following CD3/CD28 treatment, the majority of lymphocytes exhibit CD44, CD25, and CD69 surface markers indicating activation. 27 Daily treatment of cells with 1 μM JHU-083 reduced levels of activation markers by approximately 60-70% (p < 0.001), with higher doses showing equivalent efficacy (figure 1, C-F).
Lymphocyte proliferation was also measured by live cell analysis with imaging occurring every 2 hours (figure 2A), to both confirm flow cytometry results and also to verify that the observed antiproliferative effects of JHU-083 were not due to cytotoxic effects of the drug. Data are reported as red object count to reflect the number of cells, green object count to reflect the number of dead cells, and red object count/green object count (red/green) to reflect cell number/dead and control for variability in the number of plated cells.
Significant inhibition of cell proliferation due to 1, 10, and 100 μM JHU-083, as measured by total number of red cells, was observed starting at 26, 22, and 32 hours, respectively, and continued through the end of the experiment (p < 0.05, figure  2B) . Differences in timing for each dose were likely due to minor variations in plating and starting cell number, but all doses had approximate equivalent efficacy in halting proliferation. Green counts, corresponding to the number of dead cells, showed an immediate induction of cell death in DMSO wells with no change in cell number from baseline through 72 hours ( figure 2C ). The number of dead cells was lower in all JHU-083-treated groups vs vehicle control wells starting at 54 hours in culture (p < 0.05). This observation was likely due to the fact that cell proliferation was inhibited with the JHU-083 treatment, so there were a fewer number of cells to die. Normalizing the number of cells to the number of dead cells using red/green object count revealed significant reductions in red counts due to 1 μM and higher doses of JHU-083 starting at the first 2-hour time point (p < 0.05, figure 2D ). Significant reductions vs control continued at all doses of JHU-083 from the 4-hour time point until the end of the experiment (p < 0.001). From the first time point, red/green object count remained at 1 in DMSO wells, indicating that nearly all cells were dead because of cytotoxic DMSO exposure. Red/green object count was significantly higher at all doses of JHU-083 vs DMSO (p < 0.001), indicating that JHU-083 halted proliferation but was not cytotoxic.
To determine whether DC activation and proliferation were similarly attenuated, JHU-083 (1-100 μM) was applied to DCs stimulated with GM-CSF. Of interest, the populations of CD11c + CD40 + CD86 + DCs remained unaffected at all concentrations tested ( figure 3) . No LPS and no LPS+3 μM JHU-083 controls revealed that JHU-083 had no effect of DC activation and proliferation under unstimulated conditions. JHU-083 decreases EAE severity in both prevention and treatment paradigms Given its selective and robust effect on T-cell proliferation, and the fact that JHU-083 inhibits GLS without causing overt GI toxicities, 28 we next tested whether JHU-083 could affect EAE development or progression in mice. EAE mice treated with 1.83 mg/kg oral JHU-083 every other day from the time of immunization exhibited decreased incidence, with only 2/7 mice displaying EAE scores >0, and significantly decreased severity of physical disabilities (p < 0.05, figure 4A ). Furthermore, the JHU-083-treated mice did not experience the hallmark reduction in body weight associated with the acute stage of EAE (repeated-measures 2-way ANOVA treatment effect p < 0.01, figure 4B) .
Given the robust effect on preventing EAE symptoms and the fact that JHU-083 delivers μM DON into nervous tissues, 28 we followed with a treatment protocol. Mice treated with 1.83 mg/kg oral JHU-083 every other day beginning at the time of disease onset (EAE score ≥ 1) also had significantly reduced average severity of physical signs of EAE (p < 0.01, figure 4C) . No impact on body weight was observed because of JHU-083 treatment ( figure 4D ).
JHU-083 attenuates EAE cognitive deficits
Given the ability of JHU-083 to deliver DON into the CNS and DON's positive treatment effects on cognition in other models of neuroinflammation, 23 we next measured JHU-083 treatment effects on cognition in EAE mice. Every other day, JHU-083 treatment beginning from the time of disease onset continued for over 2 months, and by days 75-78 postimmunization, disease scores normalized between groups. Cognition was then tested using the Barnes maze. Latency to find the target hole on day 1 of training was compared with latency to find the target hole on the final day of testing, and mice receiving JHU-083 demonstrated significantly superior long-term memory vs EAE + vehicle controls (p < 0.05, figure 5 ).
Discussion
Prodrug development is a common strategy to alter the pharmacokinetic profile and/or toxicity profile of an otherwise promising small molecule therapeutic. In fact, prodrugs make up over 12% of the approved small molecule new chemical entities approved by the US Food and Drug Administration in the past 10 years. 29 Using this tactic, our laboratory recently developed of a series of dual-moiety DON prodrugs that preferentially deliver DON to the CNS. 22, 23 By masking both the primary amine and carboxylate of DON with promoieties, which are stable in plasma, liver, and GI tissues, the prodrug circulates in the peripheral plasma intact and inert, but is transported and preferentially cleaved in the CNS. Compared with equimolar DON, this prodrug strategy led to an 8-to 10-fold improvement in the delivery of active DON to the CNS in both primates 22 and swine, 23 allowing for dose reductions and improved therapeutic index.
Although much of the focus of therapeutic application for glutamine antagonism is in oncology, 21 there is equal applicability for diseases where glutamine-addicted lymphocytes are pathogenic and dysregulated glutamate signaling contributes to disease pathogenesis, such as MS. Rapidly dividing and activated inflammatory T cells are highly dependent on glutamine as a source of energy production. In fact, activated T cells significantly increase expression of glutamine transporters and import 5-to 10-fold more glutamine as compared to resting T cells, 30, 31 and intracellular levels of glutamine in activated peripheral blood mononuclear cells from patients with MS are 74% higher than healthy controls. 32 To this end, levels of GLS are elevated in immune cells found in MS plaques, particularly at the center of active lesions, 33 and levels of the excitotoxic GLS product glutamate are elevated in MS and associated with decreased neuroaxonal integrity as measured by N-acetylaspartate (NAA). 4 Because decreased NAA levels are associated with learning and memory impairments in MS, 6, 34 it is also conceivable that aberrant GLS activity directly contributes to the development of cognitive dysfunction in MS.
The present study highlights the therapeutic potential of our newly synthesized DON prodrug, ethyl 2-(2-amino-4methylpentanamido)-DON, also termed JHU-083, 28 as a novel treatment for the autoimmune disease MS. Inhibition of glutamine-using reactions halts the proliferation of rapidly dividing cells that are dependent on glutamine and also curtails the synthesis of the excitotoxic GLS product glutamate. These dual actions of JHU-083 are ideal for targeting the pathogenic lymphocyte proliferation and glutamate excitotoxicity found in MS. A previously published EAE study showed a delay in the development of physical symptoms of disease when 1.6 mg/kg DON was dosed every other day from the day of immunization. 14 The authors found that DON inhibits glutamate production and halts microglial activation, in turn conferring neuronal protection, but did not measure the impact of the drug on lymphocyte activation. Here, we measure the effects of JHU-083 on the immune system, showing that the DON prodrug inhibits T-cell proliferation and has positive therapeutic effects in the EAE model of MS. Taken together, these results support the hypothesis that DON and JHU-083 are protective in vivo through multiple mechanisms of action.
Here, we report that JHU-083 significantly inhibits T-cell proliferation in vitro at concentrations lower than previously reported from DON 14, 35 and that EAE symptoms and severity were improved because of JHU-083 treatment in both prevention and treatment dosing paradigms. Prevention data establish that JHU-083 works in the periphery, but the treatment paradigm data suggest that the drug might also be halting proliferation of pathogenic immune cells that have already migrated into in the CNS. A previous study from our laboratory showed that JHU-083 is CNS penetrant, with a brain to plasma ratio of 0.55, and reverses inflammation in the CNS caused by depression. 28 Therefore, to functionally measure the impact of JHU-083 in the CNS, cognitive function was measured in EAE mice. Cognitive impairment is a well-characterized occurrence in both MS and EAE 25, 36 that is measurable in EAE using the hippocampal-dependent Barnes maze test. Because this land maze requires mobility, EAE mice were dosed with vehicle or JHU-083 until disease scores normalized and physical health was equal between groups. The significant improvement in cognition observed here provides additional evidence that JHU-083 has central in addition to peripheral action. We hypothesize that both a decrease in levels of pathogenic immune cells that contribute to cognitive impairment in MS 5 and a decrease in levels of excitotoxic glutamate that causes tissue damage and cognitive impairment in MS 4,6,34 could contribute to the observed positive behavioral effects.
As well as direct T-cell responses, we also evaluated the effects of JHU-083 on DC activation. DCs play a critical role in T-cell immune activation in both the periphery and in the CNS. Activation of CD11c + DCs, also termed myeloid DCs (mDCs), was unaffected at concentrations up to 100 μM. This lack of effect is in line with findings from a recent study that showed no effect of DON on human mDC activation. Activation of mDCs causes a metabolic shift from oxidative phosphorylation to glycolysis, 37 an energy generating process that is dependent on glucose, not glutamine. Therefore, it is likely that mDCs use glucose as a primary fuel source during activation, thus remaining unaffected by glutamine antagonism. Although no effect was observed on DC activation due to DON prodrug treatment in the present studies, previous studies have reported that activation of another type of DC, plasmacytoid DCs (pDCs), which causes an increase in intracellular glutamine levels that is reversible by DON treatment. 38 The expression of genes related to oxidative phosphorylation is increased in activated pDCs but decreased in activated mDCs, 38 supporting the idea that the metabolic demands of mDCs and pDCs differ and possibly explaining why pDCs but not mDCs are affected by glutamine antagonism.
In addition to MS, the DON prodrug JHU-083 has translational promise for other diseases wherein glutamine-addicted T cells and/or excess glutamate signaling are pathogenic. In fact, JHU-083 has demonstrated beneficial results in models of depression, 28 a disease in which neuroinflammation is considered a critical component, and cerebral malaria. 39 A study measuring the effect of DON on the development of alphavirus encephalomyelitis showed decreased leukocyte infiltration into the CNS and protection from paralysis and death following DON administration, 35 and a study in a mouse model of HIV showed that DON prevents cognitive decline. 23 Furthermore, deficiency or inhibition of GLS improves outcomes in a variety of preclinical models of autoimmune diseases, including inflammatory bowel disease, interleukin-17-dependent graftversus-host disease, 40 and rheumatoid arthritis. 41 There are limitations to the present study. First, the positive treatment effects observed from JHU-083 in EAE are likely due, in large part, to decreased activation and proliferation of proinflammatory CD4 + T cells and decreased glutamate excitotoxicity, as both activated immune cells and increased glutamate neurotransmission contribute to physical and cognitive impairments in EAE. 42 It is possible, however, that cell populations not studied in vitro here, such as pDCs, contributed to the attenuation of EAE symptoms. Future studies will focus on these outcomes, along with ex vivo analyses of immune cell populations and glutamate levels to provide additional mechanistic insight. A focus will be placed on CD8 + T cells in these future studies, as we expect JHU-083 to also halt proliferation of cytotoxic T cells based on previous findings using DON. 43 We are also interested in exploring the effects of JHU-083 on oligodendrocyte protection, as previous studies have demonstrated that regulation of glutamate signaling via N-methyl D-aspartate antagonism not only improves EAE 44 but also confers protection to oligodendrocytes and oligodendrocyte precursor cells against inflammatory and excitotoxic insults. 45 Future studies will also include passive transfer EAE to examine the impact of JHU-083 on solely the efferent phase of disease, as we expect that GLS inhibition would independently inhibit both T-cell activation and proliferation. Second, it remains to be determined whether GLS inhibition and inhibition of glutamate production from glutamine are beneficial to treat cognitive impairment in MS. There is a body of research that underscores the importance of proper glutamate signaling for normal cognitive function, the cognitive enhancing effects of glutamatergic neurotransmission, and the cognitive impairing effects of disruptions in glutamate signaling (see reference 46 for review). In line with this, recent imaging studies have reported higher brain glutamate levels associated with better cognitive function in patients with MS, 47, 48 but a host of literature also exists showing increased glutamate in MS brains vs healthy controls 49 and confirming the damaging effects of excess glutamate in MS (see reference 50 for review). Further investigation is required, but it is likely that these seemingly discrepant findings are due to the fact that high glutamate levels lead to neurodegeneration, and therefore, reductions in brain glutamate levels coincide with neuronal degeneration, 51 which in turn coincides with cognitive impairment in MS. This interpretation is in part supported by work from Baranzini et al showing that patients with MS with a higher number of mutations in genes related to glutamate biology had higher levels of brain glutamate and experienced significantly more profound brain volume loss over the course of a year vs patients with MS with fewer glutamate-related mutations. 52 The present study highlights the therapeutic potential of the well-tolerated, brain penetrable glutamine antagonist JHU-083, as a novel treatment for both the physical and cognitive deficits of MS. Inhibition of glutamine-using reactions including GLS halts proliferation of rapidly proliferating cells that are dependent on glutamine and curtails synthesis of the excitotoxic GLS product glutamate. These complementary actions of JHU-083 provide a path forward for targeting pathogenic proinflammatory glutamine-dependent T-cell activation and dysregulated glutamate signaling that is characteristic of MS. 
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